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ABSTRACT 

The  measurement*  and  interpretation  of  the  absorption  of  electro¬ 
magnetic  radiation  by  the  earth's  atmosphere  at  frequencies  of  120,  125, 
and  132  kMc/s  are  described  in  this  report.  Data  was  taken  at  5  pressures 
corresponding  to  pressure  altitudes  in  the  earth's  atmosphere  between  8 
and  0.  25  km.  These  measurements  indicate  the  presence  of  a  water  vapor 
absorption  line  near  121  kMc/s  with  a  peak  intensity  of  0.107  db/km  gm/m^. 
The  anomalous  values  of  water  vapor  absorption  observed  by  previous 
investigators  may,  therefore,  be  due  to  other  unpredicted  water  vapor  lines. 
Measurement  techniques  are  described  and  previous  measurements  of 
water  vapor  attenuation  are  summarized. 


I.  INTRODUCTION 


The  absorption  of  microwave  radiation  by  gases  is  one  of  the  many 
types  of  interactions  of  electromagnetic  radiation  with  matter.  An  analysis 
of  these  interactions  usually  involves  quantum  mechanics.  From  a  quantum 
mechanical  analysis  of  atoms  and  molecules,  the  allowed  values  of  the  total 
energy  of  the  system  can  be  determined.  The  analysis  also  shows  that  certain 
transitions  between  the  allowed  energy  levels  are  permitted  while  others  are 
not.  These  permitted  transitions  may  involve  radiation.  The  frequency  of 
the  radiation  is  related  to  the  change  in  energy  by  AE  =  h  v\  where  AE  is  the 
change  in  energy,  h  is  Planck's  constant,  and  v  is  the  frequency.  An  energy 
transition  by  which  radiation  is  absorbed  results  in  an  increase  in  energy  of 
the  atom  or  molecule  and,  since  a  very  narrow  band  of  frequencies  is  often 
involved  in  these  energy  transitions,  the  term  absorption  line  is  used  to 
denote  this  phenomenon.  The  study  of  absorption  and  emission  of  microwave 
radiation  by  matter  is  known  as  microwave  spectroscopy. 

The  transitions  of  electrons  between  electronic  energy  states  result 
in  relatively  large  energy  changes  and  are  associated  with  radiation  in  the 
optical  region,  while  relative  vibration  of  the  atoms  in  a  molecule  is  associ¬ 
ated  with  radiation  in  the  infrared  region.  The  absorption  of  microwaves 
yields  relatively  small  energy  changes  and  requires  closely  spaced  energy 

levels.  These  closely  spaced  levels  are  found  in  the  rotational  motion  of  the 
9(a) 

molecules  of  a  gas.  A  permanent  electric  or  magnetic  dipole  moment 
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provides  the  mechanism  by  which  the  radiation  fields  are  coupled  to  the  rota- 

9(b) 

tional  motion  of  the  molecule. 

There  are  a  number  of  effects  that  perturb  the  allowed  energies  of  a 

molecular  system  and  result  in  a  broadening  of  the  range  of  frequencies  over 

which  absorption  can  occur.  There  is  a  natural  line  width  associated  with  an 

absorption  which  is  the  result  of  the  disturbance  of  molecular  energy  levels  by 

the  zero-point  fields  which  are  always  present  in  space.  Doppler  broadening 

is  due  to  motion  of  the  absorbing  molecule  relative  to  the  direction  of  radiation, 

9(c) 

causing  a  shift  in  the  frequency  seen  by  the  molecule.  Saturation  broad¬ 

ening  results  when  the  radiation  is  so  intense  that  the  relaxation  mechanism 
for  dissipating  the  energy  absorbed  by  the  molecules  is  not  adequate  and  the 
energy  distribution  of  the  gas  is  significantly  modified.  This  reduces  the 

absorption  at  the  line  center  relative  to  the  absorption  on  either  side  of  the 

9(d) 

line  center  and  gives  a  broadening  effect. 

Collisions  between  moleucles  also  perturb  the  energy  levels  of  the 

molecules  in  a  gas  and  result  in  broadening  of  absorption  lines.  It  is  the  most 

important  source  of  broadening  of  microwave  lines  in  gases  at  atmospheric 

pressures  equivalent  to  elevations  between  sea  level  and  approximately 

200,000  feet.  A  number  of  theories  of  collision  broadening  have  been  formu- 

13 

lated.  The  most  widely  used  has  been  that  of  Van  Vleck  and  Weisskopf. 

Their  derivation  considers  a  group  of  harmonic  oscillators  whose  oscillations 

are  interrupted  momentarily  at  random  times.  The  results  of  this  classical 

3(a) 

analysis  are  identical  with  the  results  of  quantum  derivations.  Classical 

it 

i  • 
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solutions  also  yield  good  approximations  of  the  line  resonant  frequencies  when 
the  energy  level  transitions  are  small  and  the  time  duration  of  transitions  are 
relatively  long,  such  as  those  in  the  microwave  frequency  range. 

According  to  the  Van  Vleck- Weisskopf  formulation,  the  absorption 
coefficient  of  an  isolated  molecular  line  is  given  by 


V 


106(log10e) 


v.. 

iJ  *J 


.  -Ei/kT 
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(1) 


where  y  =  absorption  coefficient  in  decibels  per  kilometer 
|  |  2  =  the  line  intensity  of  the  i-j  transition 

c  »  the  speed  of  light 
T  =  absolute  temperature 
k  =  Boltzmann's  constant 

N  =  number  of  absorbing  molecules  per  cubic  centimeter 

G  =  gas  rotational  energy  partition  function  of  the  absorbing  gas 
(dimensionless) 

■Ei/kT 

e  =  fraction  of  molecules  in  a  particular  resonant  energy  level 

f(  v )  =  the  shape  factor 

_2.iL/  A  v  +  Av  \ 

W  ^ij  Mv  -  v..)2  +  (v  +  v..)2  +  Av2  / 

ij  ij 

where  Av  =  absorption  line  half-intensity  half-width 
v..  =  the  center  frequency  of  the  i-j  transition. 
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The  equation  applies  for  molecules  with  either  electric  or  magnetic  dipole 
moments . 

Of  the  gases  found  in  the  atmosphere,  oxygen  has  a  permanent  mag* 
netic  moment  while  water  vapor  has  an  electric  dipole  moment.  There  are  a 
number  of  other  gases  present  in  the  atmosphere  in  small  quantities  that  con¬ 
tribute  to  the  absorption  of  microwaves  but  their  effect  is  small. 

The  absorption  due  to  magnetic  moments  is  much  smaller  than  that  due 
to  electric  moments  but  in  the  case  of  atmospheric  oxygen  there  are  a  large 
number  of  allowed  transitions  with  resonant  frequencies  centered  around  60 
kMc/s  and  the  combined  effect  of  the  absorption  produced  by  these  transitions 
results  in  relatively  large  values  of  atmospheric  opacity.  Oxygen  also  has  a 
single  isolated  line  at  118.75  kMc/s  which  becomes  important  when  long  trans¬ 
mission  paths  in  the  atmosphere  are  considered.  Associated  with  the  resonant 

absorption  is  a  nonresonant  component  of  absorption  of  much  smaller 
4(a) 

amplitude . 

Water  vapor  has  absorption  lines  near  23  and  183  kMc/s  and  a  large 
number  of  lines  above  300  kMc/s.  The  wings  of  these  submillimeter  lines  are 
the  most  important  components  of  water  vapor  absorption  in  the  microwave 
region  except  near  the  line  center  frequencies  of  23  and  183  kMc/s. 

The  absorption  of  microwaves  by  atmospheric  gases  has  received  con¬ 
siderable  attention  in  order  that  applications  of  these  wavelengths  when  pro¬ 
pagated  in  or  through  the  earth's  atmosphere  can  be  evaluated.  The  results 
of  many  measurements  have  been  reported.  This  paper  is  concerned  with 
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absorption  in  the  region  ot  125  kMc/t  where  there  is  a  minimum  01  attenuation 
and  a  prospect  of  using  this  part  of  the  spectrum  for  astronomical  observa¬ 
tions,  communications,  and  radar. 

The  absorption  coefficient  of  oxygen  and  water  vapor  as  a  function  of 
frequency  can  be  calculated  using  the  Van  Vleck- Weisskopf  equation  if  the 
line  intensity,  the  line  center  frequency,  and  the  line  width  constant  of  each 
line  are  known.  The  intensity  and  center  frequencies  can  be  determined  from 
theoretical  calculations  but  are  more  accurately  determined  experimentally. 
Attempts  to  calculate  the  line  width  constant  due  to  collision  broadening  for 
both  oxygen  and  water  vapor  have  not  been  too  successful.  An  experimentally 

determined  value  is  usually  used  for  the  line  width  constant  and  the  constant  is 

4(c) 

assumed  to  be  the  same  for  all  unmeasured  lines  in  calculations.  For 

the  case  of  water  vapor,  only  the  23  kMc/s  and  183  kMc/s  lines  have  been 
investigated.experimentally,  and  the  uncertainty  in  line  width  constant  of  the 
other  submillimeter  lines  is  often  cited  as  the  reason  for  disagreement  between 
the  experimental  and  calculated  values  of  absorption.  Other  disagree¬ 

ments  in  the  value  of  absorption  have  also  been  noted  that  cannot  be  easily 
explained  by  this  uncertainty  in  line  width  constant.  The  assumption  has 
usually  been  made  in  these  calculations  that  the  absorption  due  to  the  two 
gases  can  be  treated  independently.  While  it  is  known  that  broadening  by 
H  O-H  O  collisions  would  be  greater  than  that  of  0  *0  or  O  -N  collisions 

b  b  w  fa  fa  fa 

it  has  been  thought  that  this  effect  would  be  small.  Recent  measurements  indi- 

5 


cate  that  it  may  be  significant. 


II.  SPECTROSCOPIC  MEASUREMENTS  AT  MILLIMETER  WAVELENGTHS 


The  measurement  of  the  absorption  of  microwaves  by  gases  requires  a 
source  of  radiation  and  a  scheme  for  detecting  the  radiation.  The  gas  to  be 
investigated  may  be  contained  in  a  length  of  waveguide,  in  a  cavity  or  if  atmo¬ 
spheric  gases  are  being  investigated,  measurements  may  be  made  directly  on 
the  atmosphere. 

Klystrons  are  commonly  used  as  the  source  of  radiation  in  spectro¬ 
scopic  measurements  at  microwave  frequencies.  Klystrons  have  a  relatively 
monochromatic  output,  are  electronically  tuneable  over  a  small  frequency 
range  and  can  be  mechanically  tuned  over  a  relatively  wide  frequency  range. 
Harmonics  of  the  klystron  output  are  used  at  the  higher  frequencies.  They  are 

7/L  \ 

obtained  by  exciting  point-contact  crystal  diodes  with  the  klystron  output.  '  ' 

Solar  radiation  has  been  used  in  some  measurements  on  atmospheric  gases. 

Detection  schemes  for  the  shorter -wave length  microwaves  are  based 

on  point-contact  crystal  diodes  or  bolometers.  In  video  detection  the  crystals 

are  excited  by  the  microwave  energy  and  the  DC  current  through  the  crystal 

gives  an  indication  of  the  power.  In  superheterodyne  detection  the  incoming 

signal  is  mixed  with  local  oscillator  energy  to  give  an  output  at  an  intermediate 

frequency  which  is  the  difference  in  frequencies  of  the  input  signal  and  the 

local  oscillator.  The  operation  of  bolometers  is  based  on  the  change  in 

electrical  conductivity  of  a  small  conductor  when  heated  by  the  incoming 
3(c) 

energy. 
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Spectroscopic  measurements  at  microwave  frequencies  require  many 
other  microwave  and  electronic  components.  Directional  couplers,  waveguide 
attenuators,  waveguide  transitions,  antennas,  electronic  amplifiers,  oscilli- 
scopes  and  other  conventional  electronic  equipment  are  used. 

If  the  absorption  line  to  be  measured  is  of  the  order  of  a  few  mega  - 
cycles  in  width  the  frequency  of  the  source  can  be  varied  over  a  frequency 
interval  several  times  the  line  width  and  the  shape  of  the  absorption  line  dis¬ 
played.  The  frequency  of  the  molecular  line  can  also  be  varied  by  employing 
Stark  or  Zeeman  modulation. 

If  measurements  are  to  be  made  on  gases  at  the  higher  pressures  the 
absorption  covers  a  band  of  frequencies  many  megacycles  wide.  Measure¬ 
ments  must  then  be  made  at  discrete  frequencies.  Most  techniques  involve 
the  comparison  of  transmission  over  two  paths  although  measurements  employ¬ 
ing  cavities  have  been  made.  The  variation  in  the  Q  of  the  cavity  with  different 
gases  and  at  different  frequencies  is  measured  and  the  absorption  determined. 
One  widely  used  method  consists  of  transmitting  the  radiation  down  a  wave¬ 
guide  or  other  enclosed  transmission  path  where  the  molecular  density  can  be 
controlled.  With  the  guide  evacuated,  the  gas  to  be  measured  can  be  intro¬ 
duced  into  the  guide  and  the  change  in  transmitted  energy  measured.  If 
measurements  are  being  made  in  the  atmosphere,  the  change  in  the  received 
energy  level  as  the  path  length  is  changed  is  measured.  Free  space  attenua¬ 
tion  must  be  subtracted  from  the  measured  losses  to  determine  the 


absorption  losses. 


III.  INSTRUMENTATION 


Two  measurement  techniques  were  used  in  gathering  data  for  this 
report.  Measurements  were  made  by  propagating  through  the  atmosphere 
over  several  path  lengths  and  by  using  an  absorption  cell.  Since  most  of  the 
transmitter  and  receiver  equipment  was  common  to  both  series  of  measure¬ 
ments,  they  will  be  described  first.  The  transmitted  signal  was  derived  from 
a  crystal  harmonic  generator  driven  by  a  reflex  klystron.  The  receiver 
utilized  crystal  harmonic  mixing  to  heterodyne  the  transmitted  signal  to  an  IF 
frequency  of  30  megacyles. 

A  schematic  of  the  transmitter  and  receiver  is  shown  in  Fig.  1.  Figs. 
2  and  3  are  photographs  of  transmitter  and  receiver  respectively. 

The  signal  source  in  the  transmitter  and  the  local  oscillator  in  the 
receiver  consisted  of  Raytheon  QK  864  klystrons  driving  Z225S  crystals. 

These  klystrons  have  a  specified  frequency  range  of  56  to  60  kMc/ s  although 
oscillation  outside  this  range  is  often  attained.  An  adjustable  attenuator  and 
ferrite  isolator  were  inserted  between  each  of  the  klystrons  and  crystals.  The 
ferrite  isolators  were  used  to  reduce  the  effect  of  load  changes  associated  with 
the  crystal  harmonic  mixer-generators  from  being  reflected  on  the  klystrons. 
The  attenuators  were  used  to  adjust  the  klystron  power  to  the  crystal  and  to 
maintain  a  constant  level  of  excitation  at  the  various  wavelengths  at  which 
measurements  were  made.  On  the  transmitter  an  E-H  tuner  was  also  placed 
between  klystron  and  crystal  to  improve  impedance  matching.  The  crystals 
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TRANSMITTER  AND  RECEIVER  BLOCK  DIAGRAM 
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PHOTOGRAPH  OF  TRANSMITTER. 
FIG.  2. 
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PHOTOGRAPH  OF  RECEIVING  EQUIPMENT. 
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were  mounted  in  the  waveguide  with  a  connection  for  monitoring  the  DC  current 
that  resulted  from  the  rectification  of  the  high  frequency  signal.  The  crystal 
current  gave  an  indication  of  the  klystron  output  power  level  and,  therefore, 
the  harmonic  power  level  at  the  crystals  and  allowed  changes  in  power  to  be 
observed. 

To  permit  the  transmitted  frequency  to  be  determined,  a  directional 
coupler  fed  a  part  of  the  klystron  output  to  a  section  of  waveguide  containing 
a  cavity  wavemeter  and  bolometer.  The  wavemeter  was  a  Nardia  Model  M807 
with  a  manufacturer  specified  accuracy  of  0.02%.  The  receiver  contained  a 
similar  wavemeter  mounted  between  klystron  and  crystal. 

The  output  of  the  transmitter  crystal  was  fed  through  an  adjustable  pad 
attenuator  to  a  horn  antenna.  A  short  waveguide  filter  in  which  the  klystron 
fundamental  frequency  was  below  cutoff  was  also  inserted  between  crystal 
and  antenna  to  prevent  any  of  the  fundamental  frequency  energy  from  being 
radiated.  A  precision  calibrated  attenuator  was  located  between  a  similar 
waveguide  filter  and  antenna  on  the  receiver  to  allow  the  recorded  output  from 
the  receiver  to  be  calibrated. 

The  intermediate  frequency  output  of  the  receiver  crystal  harmonic 
generator -mixer  was  fed  to  the  input  of  a  narrow  band  30  megacycle  amplifier. 
Bias  voltage  adjustments  on  this  amplifier  permitted  operations  over  a  wide 
range  of  signal  levels.  The  output  of  the  IF  amplifier  was  envelope  detected 
in  the  second  detector.  Because  of  the  difficulty  in  maintaining  the  frequencies 
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of  the  transmitter  and  the  receiver  local  oscillator  heterodyned  within  the 
pass-band  of  the  IF  amplifier  the  local  oscillator  klystron  was  frequency 
modulated  by  applying  a  sinusoidal  signal  to  the  reflector  electrode.  Thus  the 
local  oscillator  was  heterodyned  at  the  IF  frequency  of  30  megacycles  twice 
during  each  period  ol  the  modulation  and  an  output  of  the  IF  pass-band  obtained 
from  the  iF  amplifier.  The  output  of  the  second  detector  was  then  a  series  of 
pulses  having  the  shape  of  the  band  pass  of  the  IF  amplifier. 

For  display  purposes  the  output  was  fed  to  the  vertical  input  of  an 
oscilloscope  with  the  modulation  voltage  applied  to  the  horizontal  input.  The 
pulse  displayed  on  the  scope  served  as  an  easy  means  of  determining  the 
relative  frequencies  of  the  transmitter  and  local  oscillator  and  the  approxi¬ 
mate  signal  amplitude. 

The  output  of  the  second  detector  was  also  fed  through  several  video 
amplifier  stages  to  a  peak  detector  circuit.  The  DC  voltage  output  of  the  peak 
detector  was  supplied  to  a  pen  and  ink  strip  chart  recorder  and,  therefore, 
was  a  measure  of  the  amplitude  of  the  millimeter  wavelength  signal. 

The  calibrated  attenuator  mounted  on  the  receiver  was  a  DeMornay- 
Bonardi  Model  DB  410.  This  attenuator  had  a  micrometer  adjustment  for 
varying  the  attenuation  of  the  millimeter  wavelength  energy  and  was  calibrated 
while  installed  in  the  receiver.  Calibration  of  the  attenuator  was  accomplished 
by  assuming  square-law  dispersion  of  the  transmitted  signal.  The  distance 
between  transmitter  and  receiver  was  varied  in  steps  to  give  on-half  decibel 
changes  in  signal  at  the  receiver.  The  attenuator  was  adjusted  to  maintain 


the  same  output  recorder  reading  each  time  the  spacing  was  changed  and 
the  attenuator  micrometer  readings  were  recorded.  This  procedure  was 
repeated  a  number  of  times  and  the  readings  averaged.  A  plot  of  microme¬ 
ter  readings  versus  attenuation  was  made  and  served  as  the  calibration 
curve  for  the  attenuator. 

Wide  beam  horns  were  mounted  on  the  transmitter  and  receiver  to 


minimize  errors  due  to  pointing  over  a  15  foot  path. 


IV.  MEASUREMENT  PROCEDURES 


A.  Atmospheric  Measurements 

Atmospheric  measurements  were  made  by  propagating  over  path 
lengths  of  210  ft. ,  420  ft. ,  and  840  ft.  and  attributing  all  losses  greater  than 
free  space  dispersion  losses  to  the  atmospheric  gases.  Measured  values  of 
atmospheric  loss  were  correlated  with  atmospheric  water  vapor  density. 

These  measurements  were  made  with  the  transmitter  mounted 
7  ft.  above  the  ground  in  a  bus  which  ran  on  a  1000  ft.  length  of  railroad  track. 
The  receiver  was  stationed  at  one  end  of  the  track,  20  ft.  above  the  ground. 
Three  points,  which  corresponded  to  a  spacing  between  the  transmitter  and 
receiver  of  210,  420,  and  840  ft.,  were  marked  off  along  the  track.  A  photo¬ 
graph  of  the  transmitting  bus  is  shown  in  Fig.  4. 

The  eleven  inch  lense  horn  antennaB  were  aligned  with  telescopic 
sights  prior  to  each  measurement.  These  antennas  had  a  beamwidth  of  0.65° 
at  120  kMc.  and  the  210  ft.  separation  was  estimated  to  give  operation  in  the 
far  field. 

The  measurements  consisted  of  a  comparison  of  the  received 
signal  for  420  ft.  and  840  ft.  spacings  of  the  transmitter  and  receiver.  The 
output  recorder  reading  was  noted  for  a  transmitter-receiver  separation  of 
420  ft.  and  the  calibrated  attenuator  on  the  receiver  adjusted  to  give  the  same 
recorder  reading  for  a  transmitter-receiver  spacing  of  840  ft.  The  change  in 
attenuator  reading  was  then  equal  to  the  free  space  dispersion  losses  of  six 
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PHOTOGRAPH  OF  TRANSMITTING  BUS. 
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decibels  plus  the  atmospheric  loss  over  the  420  ft.  difference  in  path  lengths. 
To  insure  that  the  power  output  of  the  transmitter  or  the  receiver  gain  had  not 
changed  the  transmitter  was  returned  to  the  420  ft.  point  and  the  attenuator 
reset.  If  the  second  observation  of  the  reference  signal  at  the  420  ft.  point 
deviated  from  the  initial  reference  level  by  more  than  approximately  10%  of 
the  expected  atmospheric  losses,  the  data  from  the  run  was  discarded. 

In  later  measurements  the  signal  level  for  two  each  transmitter - 
receiver  separations  was  compared.  The  change  in  signal  between  the  210  ft. 
to  420  ft.  points  was  subtracted  from  the  change  in  signal  between  the  420  ft. 
to  840  ft.  points.  This  gave  the  atmospheric  losses  in  a  210  ft.  path  length 
since  the  dispersion  losses  were  the  same  for  the  two  cases.  The  same  pre¬ 
cautions  to  check  for  equipment  drift  were  used  in  these  measurements.  Sling 
psychometer  readings  were  taken  to  determine  the  atmospheric  water  vapor 
density. 

Attenuation  measurements  through  the  atmosphere  are  desirable 
because  they  are  made  under  the  actual  conditions  that  will  be  encountered  in 
applications  of  this  part  of  the  radio  spectrum.  There  were,  however,  a 
number  of  factors  which  hindered  attempts  to  measure  oxygen  and  water  vapor 
attenuation. 

In  the  technique  described  here,  the  six  decibels  of  dispersion 
losses  that  were  present  greatly  reduced  the  attainable  accuracy.  For 
example,  if  an  absorption  loss  of  1  db/kilometer  which  corresponds  to  0.128 
db.  in  420  ft.  ,  was  to  be  measured  with  an  accuracy  of  +  10%,  the  system 


18 


!' 


was  required  to  measure  6.128  +  0.0128  db.  in  the  420  ft.  path. 

To  move  the  transmitter  from  point  to  point,  align  the  antennas 
and  set  the  attenuator  required  about  20  minutes.  This  length  of  time  created 
problems  with  drift  of  the  klystrons,  crystal  harmonic  generators,  and  other 
equipment.  With  the  checks  made  for  drift  during  each  measurement  a  large 
number  of  the  measurements  were  discarded. 

Use  of  longer  propagation  paths  would  tend  to  decrease  the  effect 
of  the  6  db.  free  space  losses  but  the  additional  time  required  to  take  measure¬ 
ments  and  the  limited  power  available  at  these  frequencies  would  add  to  the 
difficulties. 

B.  Absorption  Cell  Measurements 

Measurements  of  the  difference  in  attenuation  between  dry  air  and 
outside  atmospheric  gases  were  made  in  a  500  ft.  long  6  inch  diameter  copper 
pipe.  The  copper  pipes  absorption  cell  is  shown  in  Fig.  5.  The  ends  of  the 
pipe  were  sealed  with  disks  of  teflon.  The  thickness  of  these  dielectric 
windows  was  choosen  experimentally  for  maximum  transparency  from  the 
thicknesses  available.  The  transmitter  and  receiver  were  fitted  with  3  inch 
horn  antennas.  The  distance  between  the  horns  and  the  ends  of  the  cell  was 
approximately  15  ft.  Microwave  absorber  was  placed  around  both  ends  of  the 
cell  to  eliminate  reflections  from  the  surroundings.  Pressure  of  the  gas  in  the 
cell  was  measured  with  an  absolute  reading  manometer. 

Measurements  of  the  attenuation  of  dry  air  and  air-water  vapor 
mixtures  were  made  at  five  different  pressures.  These  pressures 
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PHOTOGRAPH  OF  ABSORPTION  CELL. 


corresponded  to  the  atmospheric  pressure  altitudes  of  8,  6,  4,  2,  and  0.25 

10 

kilometers  as  given  by  the  U.  S.  Standard  Atmosphere,  1962.  Bottled 

dry  air  and  outside  air  for  which  the  water  vapor  content  had  been  determined 
were  used. 

The  attenuation  was  evaluated  by  using  the  signal  level  propagated 
down  the  cell  at  a  gas  pressure  of  50  millimeters  of  mercury  as  a  zero 
attenuation  reference  level.  Air  was  added  to  bring  the  pressure  up  to  267 
millimeters  of  mercury,  the  standard  atmospheric  pressure  for  8  kilometers 
elevation,  and  the  recorder  run  for  about  30  seconds.  This  procedure  was 
repeated  for  each  pressure  and  the  attenuation  at  each  pressure  was  deter¬ 
mined  from  the  recorder  strip.  The  scale  on  the  recorder  strip  was  calibrated 
by  inserting  attenuation  in  one-half  db.  steps  with  the  calibrated  attenuator. 
Typical  calibration  and  data  recordings  are  shown  in  Fig.  6. 

Two  thermometers,  coated  with  heat  conducting  grease  were 
attached  near  each  end  of  the  cell.  The  averaged  readings  of  these  thermo¬ 
meters  was  taken  as  representative  of  the  air  temperature  in  the  cell. 

The  major  problem  associated  with  the  absorption  cell  measure¬ 
ments  was  variations  in  the  attenuation  through  the  cell  that  were  independent 
of  the  gas  in  the  cell.  These  changes  were  due  to  movements  of  the  dielectric 
windows  with  changes  in  absorption  cell  pressure.  The  deflection  of  the 
windows  of  approximately  one  inch  over  the  range  of  gas  pressures  at  which 
the  measurements  were  made  caused  the  transmission  through  the  windows 
to  change,  thereby  introducing  an  error  into  the  measurements.  These  errors 
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were  corrected  by  measurements  of  the  attenuation  in  the  absorption  cell  of 
helium,  a  non  resonant  gas,  over  a  pressure  range  similar  to  those  used  for 
dry  air  and  outside  air.  Dry  air  was  used  to  determine  these  errors  at  fre¬ 
quencies  where  its  absorption  is  neglibibly  small. 

Approximately  10  minutes  were  required  to  calibrate  the  receiver 
and  make  a  run  of  data.  Drift  in  the  equipment  over  this  period  was  another 
source  of  error.  It  was  hoped  that  by  taking  a  number  of  measurements  ard 
averaging,  the  error  in  the  final  results  could  be  reduced. 


V.  RESULTS 


The  resells  oi  the  atmospheric  measurements  will  not  be  reported 
because  ot  the  large  uncertainties  associated  with  them. 

Attenuation  measurements  in  the  absorption  cell  ol  dry  air  and  air- 
water  vapor  mixtures  at.  five  pressures  were  made  at  Irequencies  ot  120,  125 
and  132  kMc/s.  These  measurements  were  made  over  a  period  of  five  weeks 
during  which  the  water  vapw r  density  in  the  atmosphere  varied  from  13  to  19-9 
grams  per  cubic  meter  and  the  absorption  cell  temperature  varied  from  23.2° 
C  to  55.  3°C. 

The  measured  values  of  attenuation  were  adjusted  to  correspond  to  a 
temperature  of  300*  Kelvin  bv  multiplying  them  by  (T/300)^,  where  T  was  the 
temperature  of  the  absorption  cell  in  degrees  Kelvin. 

The  errors  due  to  movements  of  the  dielectric  windows  on  the  absorp¬ 
tion  cell  were  evaluated  by  measurements  with  helium  at  120  kMc/s.  At  125 
and  132  kMc/s  the  attenuation  of  dry  air  is  small  and  dry  air  runs  were  -used 
to  determine  these  errors. 

Since  the  mean  water  vapor  density  of  the  atmosphere  during  the  period 
of  measurements  corresponded  to  an  atmosphere  with  approximately  2%  water 
vapor  molecules,  the  measured  values  of  attenuation  plotted  versus  pressure 
in  Fig.  7  were  adjusted  to  a  common  water  vapor  molecular  density  of  2%  by 
assuming  the  attenuation  is  directly  proportional  to  water  vapor  density.  The 
range  ot  values  observed,  indicated  by  the  vertical  line  through  each  point, is 
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largely  attributed  to  measurement  uncertainties. 

Figs.  8  9,  and  10  are  plots  of  the  measured  values  of  attenuation 
versus  water  vapor  density,  adjusted  to  300®  K,  at  the  frequencies  ot  120,  125, 
and  132  kMc/s,  respectively.  The  attenuation  at  pressures  ol  267  and  730 
millimeters  of  mercury  are  typical  of  those  observed.  A  straight  line  varia¬ 
tion  ot  attenuation  versus  water  vapor  was  assumed  since  the  range  ol  water 
vapor  encountered  during  measurements  did  not  permit  the  exact  relation 
between  water  vapor  density  and  attenuation  to  be  determined.  Straight  lines 
are  shown  in  Figs.  8,  9.  and  10  drawn  through  dry  air  attenuation  values  at 
the  y-axis  intercept  and  the  average  point  of  the  air-water  vapor  measurements. 

Fig.  11  is  a  plot  of  the  average  dry  air  attenuation  measured  at  120 
kMc/s  versus  pressure.  The  curve  drawn  on  this  figure  is  the  attenuation 
calculated  by  assuming  an  oxygen  line  with  a  center  frequency  of  118.75 
kMc/s  a  half  width  of  1.35  kMc/s  and  a  peak  attenuation  of  1.7  decibels  per 
kilometers  at  sea  level  pressure. 

The  water  vapor  sensitive  losses  were  determined  by  correlating  the 
difference  in  the  observed  attenuation  of  dry  air  and  outside  air  with  measure¬ 
ments  of  the  water  vapor  densitv  in  the  outside  air  The  average  values  of  the 
water  sensitive  losses  plotted  versus  pressure  for  each  frequency  are  shown 
in  Fig.  12.  Since  the  average  water  vapor  density  was  slightly  different  for 
the  measurements  at  each  frequency,  the  values  plotted  in  Fig.  12  were 
obtained  by  adjusting  the  average  values  measured  to  correspond  to  an  atmo¬ 
sphere  with  2%  water  vapor  molecules  to  allow  direct  comparison  of  the 
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attenuation  at  the  three  frequencies. 

Tn  Fig.  13,  the  measured  water  vapor  attenuation  per  unit  water  vapor 
density  is  plotted  versus  pressure  for  each  frequency.  These  values  were 
obtained  by  dividing  the  average  attenuation  measured  by  the  average  water 
vapor  density  at  each  pressure  and  frequency. 
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VI.  DISCUSSION 
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From  Fig.  13,  a  discrepancy  between  these  measurements  and  the 
attenuation  predicted  by  theory  is  apparent.  Current  water  vapor  absorption 
theory  predicts  no  absorption  lines  in  the  frequency  region  of  these  measure¬ 
ments.  The  attenuation  in  this  region  is  theoretically  attributable  to  the  wings 
of  the  water  vapor  line  near  23  kMc/s  and  the  numerous  lines  above  180  kMc/s. 
This  residual  attenuation  per  unit  water  vapor  density  is  proportional  to  the 
half-line,  half-width  of  the  water  vapor  lines  and  is,  therefore,  approximately 
proportional  to  pressure.  Water  vapor  absorption  theory  also  predicts  that 
attenuation  increases  monatomically  with  increasing  frequency  in  this  fre¬ 
quency  region.  From  Fig.  13,  it  is  seen  that  the  measured  pressure  and  fre¬ 
quency  dependence  of  absorption  does  not  agree  with  these  predictions. 

A  number  of  measurements  at  atmospheric  pressure  in  the  35  to  140 
kMc/s  frequency  region  have  been  reported  by  the  Electrical  Engineering 
Research  Laboratory  of  The  University  of  Texas  and  others.  These  measure¬ 
ments  have  yielded  values  of  attenuation  consistently  larger  than  predicted  by 
calculations  based  on  a  half-line,  half-width  of  0.1  cm  *  for  the  water  mole¬ 
cule.  Also  decreases  in  attenuation  with  increasing  frequency  have  been 
observed  in  the  regions  near  oxygen  absorption  lines.  Several  possible  expla¬ 
nations  for  these  anomalies  have  been  proposed.  The  possibility  that  the 
effect  of  the  presence  of  water  vapor  on  the  line-width  of  oxygen  absorption 

lines  is  much  greater  than  expected  and  the  existence  of  unpredicted  water 

8(b) 

vapor  lines  have  been  considered.  However,  the  measurements  that  had 
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been  made  did  not  permit  definite  conclusions  to  be  made  about  the  cause 
of  these  irregularities . 

According  to  collisional  theories  of  line  broadening,  the  line  width 

3(d) 

parameter  for  a  mixture  of  two  gases  is  given  by 


v  a  v,  <r, 

a  a  a  ,  b  b 

A  v  <x  p  — - +  p  — - - 

a  2tr  b  2ir 


where  the  subscripts  a  and  b  refer  to  gases  a  and  b 

p  is  the  partial  pressure  of  the  gas 

v  is  the  average  molecular  velocity  of  the  gas  molecules 
a  is  the  collision  cross  section  of  the  gas  molecules 
For  the  measurements  reported  in  this  thesis  the  ratio  of  the  partial  pressures 
of  dry  air  and  water  vapor  was  constant  for  each  data  run.  The  Av  should 
have  been  proportional  to  total  pressure  regardless  of  the  relative  collision 
cross  sections  of  the  various  gas  molecules  and  the  discrepancy  noted  in  Fig. 

13  could  not  have  been  caused  by  a  water  vapor  density  dependence  of  either 
oxygen  or  water  vapor  line  widths. 

In  Fig.  14,  the  attenuation  per  unit  water  vapor  density  is  plotted 
versus  pressure  for  several  frequencies  near  a  water  vapor  absorption  line. 
These  carves  were  calculated  from  the  Van  Vleck- Weisskopf  equation  assum¬ 
ing  Av  is  proportional  to  pressure.  Comparison  of  the  calculated  curves  in 
Fig.  14  with  the  measured  pressure  dependence  of  attenuation  in  Fig.  13 
indicated  that  a  water  vapor  line  may  exist  in  this  frequency  region. 
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The  presence  of  a  water  vapor  line  near  121  kMc/s  describes  the 
measured  data.  The  curves  drawn  in  Fig.  13  were  calculated  assuming  a 
water  vapor  line  with  center  frequency  121.0  kmc,  half-width  of  2.7  kMc/s 
and  peak  intensity  of  0.107  db/Km  gm/m  at  sea  level  pressure  and  a  residual 
attenuation  of  0.040,  0.046  and  0.063  db/Km  gm/m^  at  120,  125,  and  132 
kMc/s  respectively. 

Previous  measurements  of  water  vapor  attenuation  made  by  Electrical 

Engineering  Research  Laboratory  (EERL),  Bell  Telephone  Laboratories  (BTL) 

g 

and  the  Naval  Research  Laboratory  (NRL)  are  shown  in  Fig.  15  along  with 
the  measurements  reported  here.  Calculated  curves  for  the  attenuation  of 
oxygen  and  water  vapor  are  also  shown  in  Fig.  15.  Peaks  in  attenuation  can  be 
seen  near  60.  80,  ana  110  kMi  / s 

This  previous  data,  when  considered  with  the  data  reported  here  adds 
significance  to  the  conclusion  that  a  number  of  relatively  weak  water  vapor 
absorption.  Imes  exist  ir.  the  region  between  the  23  and  183  kMc/s  lines. 


VII.  CONCLUSIONS 


The  measurements  reported  in  this  thesis  indicate  the  existence  of 

a  water  vapor  absorption  line  centered  near  121  kKlc/s  with  half-intensity 

3 

half-width  of  2.  7  kMc/s  and  peak  intensity  0. 107  db/km  gm/m  at  sea  level 
pressure.  These  results  also  indicate  that  the  anomalous  values  of  water 
vapor  absorption  observed  previously  are  the  result  of  unpredicted  water 
vapor  absorption  lines  and  are  not  due  to  excessive  broadening  of  oxygen 
absorption  lines  by  the  presence  of  water  vapor. 
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